Abstract-Wind power is expanding in Sweden as in many other countries. Varying wind power production may be a challenge for the electric power system to balance due to the intermittency. The paper studies three future scenarios of wind power expansion in Sweden and relates that to the current system power reserves located in each congestion area. Production from existing wind farms has been used to simulate future wind power production and variations. The variations that will be the largest challenge to handle are found in area four in South of Sweden, with small power reserves, big wind power expansion plans, small transmission capacity, and a limited smoothing effect due to the small area.
I. INTRODUCTION ODAY 39.8% of the final energy use in Sweden is
produced from what the EU defines as renewable energy sources. The individual 2020 goal for Sweden is that 49% of the energy in the final energy consumption should come from renewable energy sources [2] . In order to achieve this goal within the electric power generation sector, Sweden will primarily expand electric power generation from two renewable sources, biomass and wind. The Swedish energy agency has set a goal of making it possible to generate 10 TWh of electricity from wind by 2016 and 30 TWh by 2020. In 2020, this would mean that 20% of the total electricity demand of 150 TWh per year will come from wind [3] . Currently, there exist prospects of wind installation projects that will give about 50 TWh of electricity yearly if they are all realized. In this paper, three different figures, 10, 30 and 50 TWh will from here on be called the three scenarios. If the goal 10 TWh electricity yearly from wind should be possible to achieve by 2016, around 400 MW of new wind power needs to be built every year until then [4] .
The main challenges that are brought up in other reports [5] - [7] regarding the effects of wind power introduction in the Swedish electric power system are either errors or stochastic Lina Bertling is with Chalmers University of Technology (e-mail: lina.bertling@chalmers.se).
variations in production. The former one is due to the fact that wind power production is difficult to forecast on a long term basis. This is primarily a market design problem since power are up for auction 24 hours before the delivery hour, so there is an uncertainty for wind power producers to know if they will be able to produce the same amount as they have sold. The forecast error is not a problem during the production hour since the forecast becomes more accurate the closer the production hour it is made [8] . The latter problem is stochastic variations in power generation which occur due to momentary fluctuation in wind speed, like when the wind is gusty. Fast increase or decrease in wind speed will cause problem in the electric power system as stochastic variations due to the rapid changes that have to be balanced very fast by some other generators. If the expansion of wind power is conducted over a large geographic area, like the country of Sweden, peaks and dips in the electric power production may occur at the same time in the interconnected system leading to a somewhat selfbalancing system [7] .
II. PURPOSE
There is a number of published reports bringing up the question whether a large expansion of wind power will cause problems in the Swedish electric power system due to the intermittency of the wind [5] [7] [9]. If wind power in Sweden is expanded according to the visions of the Swedish Energy Agency, there might occur problems due to forecast uncertainties as well as rapid, large changes in generation also called stochastic variations [7] . This paper focus on the latter of the two questions and answer how large and rapid the changes within the electric power system might be if wind power is expanded to produce 10, 30 or 50 TWh on a yearly basis according to the three scenarios.
The magnitude of the stochastic variations when wind power production is increased according to the three scenarios will be calculated by analyzing existing production data from Swedish wind turbines. The installed capacity is then increased in areas where there are existing plans to build more wind power due to good wind conditions. This gives a model that should be able to simulate a normal production year on an hour to hour basis for the expanded wind power capacity. The results from the simulated system are then to be used to identify what kind of problems that will occur first in the electrical system. 
A. Generation in Sweden
In 1909 the first large hydro power station in Sweden started delivering electric power to the grid, in the following four decades hydro power was expanded throughout the entire country. In the 1970's the first nuclear units were connected to the power grid and in the 1980's the latest nuclear reactors were put into service. The mix of hydro and nuclear units gives a flexible system that can deliver steady base load power (hydro and nuclear) and at the same time hold high flexibility towards load changes (hydro) [10] .
Although the transmission system has a high capacity it is not unlimited. According to the TSO in Sweden (Svenska Kraftnät) there are three limiting bottlenecks, or so called cross-sections, in the system where congestion sometimes occurs. These cross-sections can be seen in Figure 1 and their respective maximum transmission capacity in Table 1 . In an electric power system, the instantaneous consumption and production of electric power must at every time be equal due to the fact that electric power cannot be stored. The Nordic electric power system is designed for a frequency of 50 Hz. If there is a larger demand than there is production the frequency will drop since energy will be taken from the rotating masses (generators and machines) and vice versa. The energy stored in the spinning masses of turbines, generators and machines will however give some perseverance in frequency change [11] .
B. System reserves
System reserves are activated when the frequency drops below 49,9Hz and should be fully activated at 49,5 Hz. System reserves are secured by the TSO (Svenska Kraftnät) by contracts with different generation companies in order to get a geographical spread of the reserves. The system reserves can also mean disconnection of certain industries and other large electric power consumers that have disconnection contracts with the TSO [12][11] [13] . Area 1 and area 2 has a large share of hydro power, providing these areas with the needed reserve power.
In Table 3 the reserve power in area 3 and area 4 is presented. These disturbance reserve plants are owned by SvK or by generation companies and must be able to deliver power no longer than 15 minutes after they have been ordered to start. For area 4 there is also a power reserve of 300 MW that is used by both Sweden and Denmark 
A. Production within the hour
This paper focuses on the stochastic variations from electric power generated by wind turbines and the effects of these variations on the electric power system, especially if wind power will increase significantly in Sweden. In Figure 2 As one can see in Figure 2 , the production within the hour may vary quite much, in this case between 40 MWh in the second 5-minute interval to 7 MWh in the last 5-minute interval. The average production is 23 MWh whilst the forecasted production was 18 MWh. So, when thinking of wind power production one must always have in mind that forecasted and sold production is not the same as real production. And production within the hour is almost never constant. In Figure 3 the production at Lillgrund wind farm on January 4 th , 2009 is shown to give a picture of how the production varies during a day with a shorter time frame than one hour.
B. Wind power production variation hour-to-hour
In the previous chapters production forecasting, real production and production within the hour has been presented. To learn how the real production varies hour-to-hour for one wind turbine, one wind farm, or from all wind turbines in one predefined geographic area a new concept is presented. This concept is based on the difference in production from one hour to the next hour. In the model constructed later on in the paper, this concept is presented in detail, but the functionality of the concept is the following:
In order to know how large variations from wind power production that the power system must be able to balance, the largest hour-to-hour production variations for different wind power capacities must be investigated. This will be done with development rates corresponding to the goal of an annual production of 10/30/50 TWh electric energy from wind turbines in the Swedish system.
C. Planned expansion
The planned expansion of wind power in Sweden is based on studies that take several factors into consideration before recommending a site for exploitation. This means that studies are made on where to locate the wind turbines and wind farms in order to achieve a high rate of full load hours. Several other factors are also important such as grid connection possibilities and accessibility of the potential sites. When a company have found an interesting site they need to apply for permission from different authorities before starting to exploit the site. Svensk Vindenergi has published maps that summarize the operational farms, the farms under construction and the farms having and seeking permits. If the Swedish wind power is expanded to produce 10/30/50 TWh per year the installed capacity could be distributed as follows [19] . 
D. Knowledge concerning expansion effects
Before the creation of a model later on in this paper, there are effects on the electrical power system that occur when expanding wind power capacity over a larger geographical area.
There is a positive effect that has been investigated when expanding wind power capacity over a larger area. This effect is called spatial smoothening effect. This means that if wind power expands over a larger area and a system boundary is created around the wind turbines, there will be a positive smoothing effect of production variations due to the fact that the wind turbines are situated in areas with different wind properties that are not totally correlated. If there is no wind in area A, there is still a probability that there is wind in area B or C, if these three areas are situated with a quite large distance between them. Since there are different wind properties in area A, B and C, the wind power production from area A, B and C will not look the same [20] .
V. CORRELATION
In Figure 5 data from Svenska Kraftnät is used to present the correlation between the areas. In Figure 5 , it is possible to obtain information regarding how the hourly production for area 2, area 3, and area 4 is correlated to area 1. Area 2 is the most correlated, whilst area 3 is secondly most correlated and area 4 is the least correlated. The summary of Figure 5 is that the closer the production sites are to one another, the more correlated is the hourly correlation. This means that if the hourly production is increased in area 1, there is a quite large possibility that it is also increased in area 2. In Figure 6 the correlation for both hourly production and hourly production variation, in relation to distance, is shown. The pattern obtained from this figure is somewhat the same as in Figure 5 and Figure 6 regarding correlation in relation to the different areas. This means that the correlation for both hourly production and hourly production variation is decreasing with the distance.
The production and production variation pattern from a single wind turbine and a wind farm is very much alike, except for the difference in capacity.
When expanding the study from one wind turbine or one wind farm and instead study an entire area as a wind producing unit the behavior is changed. Since the focus of this paper is production variation patterns the results regarding these changes is what will be used in the simulation.
When expanding the system to include all four wind producing areas the variations decrease even more. From this fact, the conclusion is that the larger the system, measured both geographically and in capacity, the smaller the variations. There is however difference between the areas depending on what season that is studied. The figures and values that are used for the simulation are the results regarding maximum and minimum production variations and the results regarding correlation.
VI. SIMULATION
The collected production data from SvK is put into the future expansion plans for wind power to get an approximation of the future variations. From here on the SvK production data from 2009 is the only wind power production follow-up that will be used. In the following simulation all areas are studied.
The model is made in a linear way, which means that if the production capacity in one area is doubled, so will also the production variations be. The reason for not correcting these figures with regard to for example correlation is that the correlation for production variations is almost negligible.
The production and production variations that were extracted earlier are now used in order to determine the power production and production variations in a future system. As the basis for the new system the three expansion cases are used to get a possible future distribution of installed wind power production capacity between the different areas. The distribution for the expansion scenarios in MW for each area can be seen in Figure 4 . For every area and case (10/30/50 TWh) the production variations are now calculated by using the model constructed earlier. The production variations for each area, expressed in terms of utilization factors, are then multiplied with the power in megawatts (MW) for their respective area in the expansion scenarios. This will result in a fictitious production year showing the maximum and minimum values of variations in power output between two hours from wind power. The variations will now be shown in megawatts as well as percent for the future scenarios for each area.
A. Results
After studying the simulation of the four areas and for all expansion scenarios, some general comments can be made. For all areas, the most frequent changes are the ones that are in the range -10% to 10%. There are however, when studying each area, except for the part where all areas is studied together, changes over a larger range but they do only occur on a few number of observations. As stated earlier the effect of spatial smoothening can be found when studying all areas at once.
B. Most frequent variations
In Table 4 changes in production between two hours in the range of ±2.5%, ±5% and ±10% during 2009 is presented.
For all of the four areas, studied separated or as one area, more than 98 % of the changes in production between two hours is ±10% or smaller, for ranges of ±5% and ±2.5% the frequency is lower, it is however at no time lower than 84%. On the other hand, during approximately 1,4% of the time for area 1 (122 hours), 0,3% for area 2 (26 hours), 0,02% for area 3 (2 hours), 1,2% for area 4 (105 hours) and 0,01% for all areas (1 hour) changes do occur that are larger than ±10% of the installed capacity. 
C. Worst case scenario
The worst case scenario are dimensioning for the electric power system when designing and operating it. Hence this worst case scenarios dimensioning factor, the change in production output between two hours measured in MW for each area at each expansion scenario will be presented below. This worst case scenario might just occur once a year and it is the largest obtained change from the simulation. A worst case scenario that currently is valid in today's electric power system would be a fast shut down of the large nuclear units Forsmark 3 and Oskarhamn 3, or a failure of a large switchyard in the transmission grid.
When studying Table 5 regarding worst case scenario, one can see that for areas with a relatively high rate of wind power capacity, the hour to hour variations can be of equal size or larger than for the entire system consisting of all the four areas capacity. This is due to the spatial smoothening effects discussed earlier. This is in some sense a positive effect, since the total variations in the system will probably be relatively small, the larger the total capacity is, given that the capacity is evenly distributed over the entire country. On the other hand, the negative effect of this is that in reality most of the future wind power expansion will take place in rather limited areas giving a rather limited contributing of partial smoothening out effect.
D. Simulation is worst case scenario
The simulation results regarding hourly wind power production variations are based on the model constructed from the 2009 wind data. The results should be seen as a worst case scenario. This is based on the fact that when comparing a small and large geographic system the variations in percent will decrease. In this report the simulation of the future wind power is only an expansion of capacity at current locations. While in the future completely new sites will be used for wind turbines and wind farms. When the capacity is expanded and more geographically spread the relative variations will most likely decrease.
VII. CONCLUSIONS
From the statistic data both the production for each hour has been calculated but also the variations between each hour to get a view of how much the production varies between two hours. The four areas in Sweden are not equally large measured in areal size, nor is the present wind power capacity equal in all of the areas. In the present system area 3 has the largest present capacity (670 MW), followed by area 4 (540 MW), giving a 25% higher capacity in area 3 than that in area 4. The largest hourly variation in area 4, as can be seen above, is 22% whilst it is 13% in area 3. Even though it is not certain it is most probable that the reason for that the hourly production variation in area 3 is almost half of what it is in area 4 has its base, not in larger wind power capacity, in a more dispersed location of wind power producing units due to that area 3 is larger than area 4.
Both area 1 and area 2 are considerably larger than area 4. When simulating future wind power production in these areas according to a future expansion scenario, the largest change in production between two hours is 28% of total capacity for area 1 and 26% for area 2. However in the present system that is the base for the data used in the simulation area 1 has 65 MW of capacity and area 2 has 175 MW. Due to that there is a quite limited capacity in area 1 and area 2, in the present system, the results might be affected in a negative way. Area 1 and area 2 is, when measured by areal units, in the same size span as area 3, giving that for the same expansion rates in area 1,2 and 3 there is a good chance that the hourly variations decreases according to the hourly variations in area 3 (13%) in area 1 and 2. The summarized result is that the largest expansion is planned in area 4 and that area 4 is the area that has the highest probability for large hourly variations (measured in percent of the areas wind power capacity), regardless of the total wind power capacity.
On the other hand, when looking at relatively small changes in production, see Table 4 , difference and frequency in percent, it is important to understand that even though there can occur large changes in production between two hours, the absolutely most frequent changes in production is relatively small. More than 98% of the changes in production between two hours are in the range of ±10% and over 90% of the changes is ±5% or smaller.
One of the general conclusions is that area 4 will be the most interesting area in the future. It will be the subject of large wind power expansion, it will quite probable be an area with the largest changes in production between two hours and it will also quite probable be an area with a relatively large numbers of hours when the large changes in production between two hours occur. This is the conclusion that can be drawn from this report be there is an uncertainty since the capacity today in area 4 is dominated by the wind farm Lillgrund. Expanding the capacity in area 4 over the entire geographical area might have a bigger impact on the variations in area 4 then other areas in the country. This is due to the large impact that Lillgrund today have on the measured data for area 4.
As shown earlier in Table 3 it is clear that the available reserve power in area 4 for 2009 was approximately 1150 MW plus 300 MW available from Denmark. These 1450 MW of reserve power is only available if there is not a deficit of power in the power system. As shown in earlier the largest changes in production of wind power between two hours in area 4 is 547 MW for the 10 TWh scenario, 997 MW for the 30 TWh scenario and 1467 MW for the 50 TWh scenario. By comparing the maximum reserves in area 4 with the largest obtained changes in production between two hours, it is clear that at the case of 50 TWh, the change between two hours is larger than the reserves. For 10 TWh and 30 TWh the reserves are larger than the largest changes. However, these reserves are, as previously stated, not to be taken for granted. Especially during winter when demand is at peak levels, and when there is a quite large chance for large hour to hour variations of the wind power production.
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